Abstract. We report the first results from a new instrument capable of acquiring infrared spectra of mobility-selected ions. This demonstration involves using ion mobility to first separate the protonated peptide Gly-Pro-Gly-Gly (GPGG) into two conformational families with collisional cross-sections of 93.8 and 96.8 Å 2 . After separation, each family is independently analyzed by acquiring the infrared predissociation spectrum of the H 2 -tagged molecules. The ion mobility and spectroscopic data combined with density functional theory (DFT) based molecular dynamics simulations confirm the presence of one major conformer per family, which arises from cis/trans isomerization about the proline residue. We induce isomerization between the two conformers by using collisional activation in the drift tube and monitor the evolution of the ion distribution with ion mobility and infrared spectroscopy. While the cis-proline species is the preferred gas-phase structure, its relative population is smaller than that of the trans-proline species in the initial ion mobility drift distribution. This suggests that a portion of the trans-proline ion population is kinetically trapped as a higher energy conformer and may retain structural elements from solution.
Introduction D o gas-phase molecules produced by electrospray retain elements of their solution-phase conformations and, if so, under what circumstances [1] ? The answers to such questions are essential for determining if and when gas-phase data can be used to explain solution-phase phenomena. However, finding possible links between the gas-phase and solution requires a thorough understanding of the interactions that preserve solution structures in the absence of solvent. These interactions are characterized using several technologies, including mass spectrometry, ion mobility, and vibrational spectroscopy.
Of the three technologies mentioned above, mass spectrometry probably provides the most general structural information. It allows one to identify a selected species in the gas phase by its mass and determine the stoichiometry of any noncovalently bound complexes involving that species. Noncovalent complexes have been observed for a variety of protein-protein [2] [3] [4] [5] [6] [7] [8] and protein-ligand [9, 4, 10, 11] adducts but are especially revealing in the case of specific heterogeneous multimers [4, 10, 12, 13] , which are known to exist in the condensed phase. Unfortunately, mass spectrometry alone cannot tell us how the geometry of such systems might evolve as they transition to the gas phase.
Ion mobility provides complementary information to mass spectrometry in allowing one to separate structures extracted from solution on the basis of their shape (i.e., collisional crosssection) and hence can be used to separate different conformational states. Many systems adopt a variety of structures in the gas phase, some of which may retain memory of their solutionphase conformations whereas others clearly isomerize to lower-energy, gas-phase structures [14] , and ion mobility can separate these structures for independent analysis. Moreover, by using IMS-IMS, it is possible to isolate and collisionally activate mobility-selected species after an IMS stage and then observe how the structures evolve as they traverse a second IMS stage [15] [16] [17] [18] [19] . Such experiments can signal whether structures isolated with ion mobility originate in the gas phase or are kinetically trapped from solution. Often, molecules taken from solution undergo several isomerization steps before arriving at their preferred gas-phase conformation [14, 18, 20] , but even after these isomerization events, their structure seems to be correlated with its original solution-phase conformation [16] . Ion mobility spectrometry lacks the structural resolution to determine definitively why this might be the case because it provides only a single number, the orientationally averaged collisional cross-section, with which to characterize the structure.
Vibrational spectroscopy can provide additional information that may help to answer the questions posed above. Although a number of groups have developed experiments that couple mass spectrometry with infrared spectroscopy [21] [22] [23] [24] [25] , the application of these experiments tends to be focused on relatively small molecules. This is because one cannot deduce a structure from the experimental data as directly as in the cases of nuclear magnetic resonance (NMR) or X-ray crystallography. Instead, one needs to perform a computational search to identify structures that are low in energy and then compare measured spectra with those calculated. In this way, the experiment is used to validate the theoretically determined structures. Complications arise when the vibrational spectra become congested with many overlapping transitions, as this hinders the ability to make meaningful comparisons with theory. Spectral congestion becomes an issue as the number of infrared-active modes increases and is further complicated when multiple conformers exist simultaneously. There is not much one can do to reduce the number of vibrational bands a molecule contains, as this is an intrinsic property of the molecule and its structure. However, one can reduce spectral congestion by cooling ions to low temperatures [26] , which has the effect of narrowing the measured absorption bands. One can also separate spectral contributions from multiple conformers by performing multi-laser experiments [27] [28] [29] , as long as each conformer has at least one unique spectroscopic transition. After having implemented both of these techniques in our laboratory, we find that it is possible to study systems with up to about 10-15 amino acid residues before spectral congestion again becomes a limiting factor. Since we are interested in studying the correspondence between solution and the gas phase as it applies to various biological molecules, we would like to extend this upper limit.
One promising way to overcome these obstacles is to combine all three techniques into a single experiment-one could identify a target system with mass spectroscopy, physically separate its conformational states with ion mobility, and then record its vibrational signatures using spectroscopy. Mass spectrometry and ion mobility would be supplemented by additional structural information, while spectroscopy would be simplified by the presence of mass and conformational filters. Analogous experiments have been developed using UV photofragmentation [30, 31] , but infrared spectroscopy has the advantage of providing vibrational information that can be compared directly with theoretical calculations.
In this report, we present the first results of a new instrument that combines an ion mobility drift tube with a cold ion trap and time-of-flight mass analysis. We demonstrate the basic capabilities of the instrument with the small protonated peptide GlyPro-Gly-Gly, shown in Figure 1 , because its ion mobility distribution provides a simple example of conformational heterogeneity, as reported in a previous study [32] . In the gas phase, this peptide exhibits two conformational families, which arise from cis-trans isomerization about the proline residue [32] , as highlighted in Figure 1 . Solution studies in D 2 O have found that the trans conformation is favored by 4.5 kJ mol -1 , and that its barrier to isomerization is 84.5 kJ mol -1 [33] . While we would eventually like to study much larger biological molecules, this small system provides us with a convenient system on which to demonstrate the IMS-IR-MS technique.
In this work, we reproduce the ion mobility separation of H + GPGG and use infrared spectroscopy to record the vibrational signatures of both mobility-selected species. These signatures are found to be consistent with the presence of two major conformers. We then explore the potential energy surface connecting these two conformers using collisional activation to induce isomerization. We find that while the cis-Pro conformer is energetically favored in the gas phase, its initial population in the ion mobility drift distribution is less than that of the higher energy, trans-Pro conformer. This indicates that a portion of the trans-Pro population is kinetically trapped as a higher energy species and when energized, readily isomerizes to the lower energy cis-Pro structure. These results can be contrasted with the relative stability of this molecule in solution, where the trans structure is lower in energy. This implies 
Experimental
A schematic of the new instrument, which combines an ion mobility drift tube [34] with a cold ion trap [24, 35] and a timeof-flight (TOF) mass spectrometer, is shown in Figure 2 . Ions are produced using electrospray ionization and traverse the drift tube in a time that is proportional to their collisional crosssection [36] . The ions then enter an ion trap cooled to~10 K, where they are stored, cooled by collisions with hydrogen, and tagged with weakly bound H 2 . Once tagged, the ions are interrogated with an infrared laser, which evaporates H 2 upon resonant photon absorption. This absorption is then detected by monitoring the change in population of the tagged species in a time-of-flight mass spectrometer.
Ion Mobility
The ion mobility drift tube was developed by Clemmer and coworkers [34, 37] and integrated into this instrument without modification. Ions are produced by a homemade electrospray ionization source and collected in a Smith-type ion funnel [38] . These ions are released in discrete packets at a repetition rate of 10 Hz into a 2-m long drift tube, which is filled with helium to a pressure of 3 mbar. A DC voltage gradient of 10-12 V/cm is maintained across the length of the drift tube except in the three ion funnels, located at the source, in the middle, and at the end of the drift tube, where the gradient increases to~15 V/cm. These funnels operate at frequencies of 500-600 kHz and rf voltages of 30-200 V peak-to-peak. Ion mobility drift spectra are recorded at the end of the drift tube using a channeltron detector, and the mobility measurements are calibrated using bradykinin [M+3H + ] [18] . When the channeltron is turned off, however, the ions are free to continue through an octopole ion guide and into the cold ion trap for spectroscopic analysis.
The drift tube can be operated as either a single IMS separation stage or as a dual IMS-IMS tandem instrument [34] . In the latter case, an ion gate located at the entrance of the second ion funnel is used to select species having a particular collisional cross-section. In this way, one can monitor the evolution of the selected species as it traverses the second half of the drift tube. There also exists an activation zone at the end of the second funnel where selected species can be collisionally activated before IMS analysis in the second stage of the drift tube. This region consists of two electrodes separated by 3 mm with a voltage drop that can be manipulated independently from the rest of the drift tube, allowing us to change the collision energy in this region in a controlled way. Bieske and coworkers measure visible absorption spectra of ions using a similar IMS-activation-IMS technique by relating photoinduced changes in collisional cross-section to visible light absorption [39] [40] [41] [42] [43] .
Cold Planar Ion Trap Design
The cold ion trap design was inspired by that published by Wester and coworkers [44] and further developed by Lorenz et al. [35, 45] . The exact geometry used here is similar to that outlined by Lorenz et al. [35] ; the primary difference is that the electrodes and electrical connections have been integrated onto a printed circuit board (PCB) to facilitate construction and assembly. The PCBs (shown in the inset of Figure 2 Ions are generated with electrospray ionization and separated according to their collisional cross-sections as they traverse the 2-m ion mobility drift tube. The ions are then collected in the cold ion trap where they are collisionally cooled and tagged with H 2 molecules for subsequent spectroscopic analysis. The inset shows a detailed view of the cold ion trap, which consists of two printed circuit boards as described in the text additional pulsed DC electrodes (denoted A and E) are placed on the top and bottom of the Bsandwich^to create a WileyMcLaren type TOF extraction region [46] .
During a trapping cycle, the rf electrodes of B and D oscillate at 2.8 MHz with an amplitude of 500 V pp , whereas electrodes A and E float at a defined DC potential near earth ground. As ions enter the trap, a pulse of H 2 gas, injected by a Parker Series 9 valve, collides with the ions and cools them to a final temperature near that of the trap. The average pressure in the trap chamber is typically 1×10
-5 mbar, which is maintained by a turbomolecular pump with a rated pumping speed of 555 l/s for H 2 . We maximize the buffer gas density needed for efficient trapping by limiting the total trap conductance to~16 l/s at 10 K. The temperature of the trap assembly is maintained at 10 K through the use of a Lake Shore 350 PID controller and cartridge heater and is protected from blackbody radiation by an aluminum heat shield in contact with the first stage of the cryo-cooler. To initiate TOF mass analysis, the oscillating rf voltage is turned off, and electrodes A, B, D, and E are all pulsed to high voltage, ejecting the ions from the trap with translational energies of 3 keV. The TOF drift tube is 1 m long and contains ion optics as well as a 2-stage reflectron from Jordan TOF Inc. (Grass Valley, CA, USA). The M/ΔM mass resolution is typically 1500 at a mass of 287 Da when operating the experiment at 10 Hz.
Infrared Spectroscopy
We acquire infrared spectra through H 2 predissociation as first demonstrated by Okumura et al. [47] [48] [49] and later generalized by Johnson [50] . In this process, H 2 adducts are formed with the molecule of interest in the planar ion trap through threebody collisions involving the cold ions and H 2 molecules. The H 2 -tagged molecules are then extracted from the trap and intersected with a tunable infrared OPO 2 μs after extraction. Resonant absorption with subsequent intramolecular vibrational redistribution leads to photo-evaporation of H 2, which has a typical binding energy of 370-600 cm -1 [50] [51] [52] . This is detected as a dip in the H + GPGG ·H 2 signal in the time-of-flight analysis. We record the total H + GPGG ·H 2 ion signal as a function of the IR wavenumber to measure infrared spectra.
Infrared radiation is provided by a Laservision IR OPO pumped by a Nd:YAG laser operating at 10 Hz. The infrared wavenumber is scanned at a rate of 0.06 cm -1 /s from 3200 to 3600 cm -1 , where typical powers range between 15 and 17 mJ/ pulse. The laser is synchronized with the trapping cycle through the use of a BNC pulse generator, while LabView is used for all data collection.
Sample Preparation
We purchased Gly-Pro-Gly-Gly from Bachem Inc. (Bubendorf, Switzerland) and used it without further purification. The ESI samples were prepared by making a 2×10 -4 M solution of GPGG in methanol, water, and acetic acid (50:50:0.5).
Computational Methods
We performed full quantum (DFT) calculations to determine the 3D structures of the possible H + GPGG conformers. Initially, 10 H + GPGG conformers, (7 L-trans-Pro and 3 L-cis-Pro) were created as starting structures using the backbone coordinates of different randomly chosen fragments from the protein data bank that contain Pro at position 2. For each initial structure, simulated annealing ab inito molecular dynamics (SA-AIMD) runs were performed with the Terachem program [53] [54] [55] using the functional B3LYP [56] [57] [58] and a 6-31G basis [59] . During these SA-AIMD runs, the conformers were heated to high temperatures to accelerate phase-space sampling and then slowly cooled to 6 K. For a more comprehensive sampling, different maximal heating temperatures (between 900 and 1100 K) and different cooling rates (total simulation times between 40 and 100 ps) were applied. At higher temperatures, (>1200 K) spontaneous enantiomerization from L-Pro to D-Pro occurred. In total, 80 conformers were obtained from the SA-AIMD runs (including the final cooling product and different candidate structures from fast quenches at finite temperature). For each conformer, the geometry was optimized at the DFT B3LYP//6-31G(d,p) level using Gaussian09 v D.01 [60] , and the orientationally-averaged geometric cross-section was calculated using the Trajectory Method (TM) with the Mobcal software [61, 62] through consideration of only Lennard-Jones interactions. Finally, the five lowest-energy Lcis-Pro and L-trans-Pro conformers obtained were reoptimized and the respective harmonic vibrational frequencies calculated with B3LYP and a larger basis set 6-311++G(d,p) using Gaussian09 v D.01 [60] with tight convergence criteria and ultrafine grid. All the computed energies were zero-point corrected, and harmonic vibrational frequencies were rescaled with a constant factor of 0.955-a value chosen to maximize the agreement between theory and experiment in the N-H and OH stretch regions for the 10 lowest energy conformations. The correspondence between theoretical and experimental IR spectra for the lowest energy conformers (Supplementary Table S1) and the good agreement of average collisional crosssections allows for a reliable identification of the 3D structures of the experimentally detected species.
Results and Discussion
The ion mobility drift distribution for H + GPGG is shown in Figure 3b . Two peaks, labeled A and B, are present with collisional cross-sections of 93.8 and 96.8 Å 2 , respectively. There are additional features in the drift distribution that we identify as multimers using mass spectrometry; however, in this report we focus our attention on the H + GPGG species and eliminate these other species from our analysis using the selection gate in the drift tube. In this way, we isolate the two features shown in Figure 3b , the cross-sections of which are in excellent agreement with the values 93.2 and 96.4 Å 2 published previously [32] .
A
Infrared Spectroscopy of the Mobility Selected Ions
Having reproduced the known cross-section distribution of H + GPGG, we used vibrational spectroscopy to elucidate the structures of these species. In doing this, the key question we were trying to answer was, BHow many distinct conformations are responsible for producing the two peaks in the ion mobility drift spectrum?^We address this question by first presenting in Figure 3e the infrared spectrum acquired by loading all H + GPGG ions (both A and B) into the cold ion trap. Since H + GPGG has five N-H oscillators as shown in Figure 1 , one may expect to observe up to five bands per conformer in the N-H stretching region of the infrared spectrum. However, the IR spectrum in Figure 3e contains as many as seven prominent bands. The fact that there are more absorption bands in the spectrum than oscillators in the molecule is one indication that multiple conformers are present.
In order to confirm that this is the case, we use the ion gate to load ions contained within either peak A or peak B into the ion trap. We begin by isolating peak A via its ion mobility, as shown in Figure 3a , and allow it to continue to the ion trap. The corresponding infrared spectrum we obtain contains three prominent bands, shown in Figure 3d , as opposed to the seven that appear in the absence of ion mobility selection (Figure 3e ). The positions of these three bands are consistent with a subset of those in the non-mobility-selected spectrum. There are traces of the other four bands; however, their intensities have been greatly reduced. Of the three strong N-H stretching bands we observe, two appear at 3322 and 3372 cm -1 , whereas the third appears significantly higher in energy, at 3456 cm
In a similar manner, we use the selection gate to isolate peak B in the cross-section distribution (Figure 3c ) and obtain the infrared spectrum shown in Figure 3f . This time we observe four bands, the positions of which are clearly different than those observed when selecting peak A, signaling that the local environment of these oscillators within the molecule has changed. An intense band appears at 3284 cm -1 in addition to a much weaker transition at 3355 cm
. The other two bands appear higher in energy 3465 and 3478 cm -1 , respectively. The fact that the infrared spectrum changes upon selecting different peaks in the ion mobility drift-time distribution indicates that the two features in the cross-section distribution arise from two distinct conformational families of H + GPGG. We refer to the conformations associated with peak A and peak B as conformers A and B, respectively. There are other weak transitions in the spectra (e.g., at 3434 cm -1 in Figure 3d ), which may signal the presence of conformational heterogeneity within these two populations, and these will be addressed later. While in principle, the infrared spectra displayed in Figure 3 could also be affected by gain from H + GPGG·2H 2 complexes that photodissociate to form the H + GPGG·H 2 , this would be at most a minor effect, since the population of H + GPGG·2H 2 is typically only 15% of the singly tagged species (Supplementary Figure S1 ). Since we know that the strongest N-H stretching transitions result in a~20% population depletion of the tagged species, we estimate that this effect could translate to a 3% fluctuation in the population of H + GPGG·H 2 , which is below our current signal-to-noise level.
The band patterns shown in Figure 3d and f reveal qualitative information about the hydrogen bonding patterns in the molecules. The N-H stretches that give rise to bands abovẽ 3380 cm -1 are typically considered to be Bfree^oscillators [63] , that is, they do not participate in noncovalent interactions such as hydrogen bonds. In contrast, the vibrations that occur below~3380 cm -1 likely participate in H-bonding interactions, which shift their frequencies to the red. In order to extract as much information as possible from the measured spectra, we isolate the transitions that arise from conformer A by first scaling the spectrum of conformer B to the peak at 3284 cm , we obtain H 2 predissociation spectra shown in (d) and (f), respectively. This indicates the presence of at least two conformers as described in the text and then subtracting it from the spectrum of A. We do this because there is clearly contamination from conformer B in the spectrum of A. The result of this subtraction is a much cleaner spectrum, shown in Figure 4a , which clearly indicates the presence of only a single free N-H. Furthermore, the absence of a free OH stretching band in the region from 3500 to 3600 cm -1 implies that the carboxylic acid OH participates in a hydrogen bond. The spectrum for conformer B, on the other hand, reveals a distinctly different hydrogen bonding pattern, where the OH (appearing at 3572 cm -1 ) and two N-H oscillators are free (see Figure 4b ). This information is especially useful in determining the structures of a molecule the size of H + GPGG, where the total number of potential hydrogen bonding partners is limited.
We now have two experimentally determined criteria that any calculated structures for conformers A and B must meet. The first is that they must match the experimental cross-sections of 93.8 and 96.8 Å 2 for conformers A and B, respectively. The second criterion is that the structure of conformer A must have one free N-H and one hydrogen bonded OH, while the structure for conformer B must have two free N-H's and a free OH.
Theoretical Analysis of the Experimental Infrared Spectra
The lowest energy calculated structures are shown in Figure 4c and d, with their corresponding vibrational spectra (indicated as sticks) in Figure 4a and b. The calculations reveal that conformer B (Figure 4d ) is the lowest energy structure and corresponds to a geometry having a cis-Pro configuration. The spectrum of this species (Figure 4b ) exhibits two free N-H stretches, which correspond to those on Gly 3 and Gly 4 . The OH remains free because the carbonyl of Gly 4 forms a strong hydrogen bond with one of the N-terminal ammonium N-H's, thus orienting the O-H to the outside. In this structure, all three ammonium N-H's are involved to various degrees in hydrogen bonding interactions, which leads to a red shift in the NH 3 antisymmetric stretch band, which we observe at 3284 cm -1 . Interestingly, the calculations reveal two classes of cis-Pro conformers arising from rotation about the α C-C bond of the proline residue-the first orients the proline C=O toward the protonated amine and is lower in energy, while the second orients it away from the protonated amine. The orientation of this bond influences the positions of the ammonium N-H stretch bands. Comparison of the results of our calculated structures and spectra with the experimental data suggest that both types of species likely exist in our experiment. The dominant and more stable class of conformers is that with its proline C=O oriented toward the protonated amine, as shown in Figure 4d . However, the small peak at 3355 cm -1 suggests the presence of a minor conformer with its proline C=O oriented away from the protonated amine (see Supplementary Figure S2 ), which is 5.7 kJ mol -1 higher in energy. Both cis-Pro conformers can be populated at the drift tube temperature of 300 K, and a simple Boltzmann calculation reveals that the minor conformer should make up 10% of the population of the major cis-Pro conformer. We now turn our attention to conformer A, shown in Figure  4c , which is the second lowest energy conformer overall (1.1 kJ/ mol above conformer B) and the lowest energy trans-Pro species recovered in our theoretical search. The measured spectrum (Figure 4a ) constrains a valid structure for this conformer to have only one free N-H stretch. Indeed, the calculated structure shown in Figure 4c meets this criterion, with a free Gly 3 N-H stretch predicted at 3452 cm -1
. Interestingly, the position of the antisymmetric NH 3 -Gly 1 vibration at 3360 cm -1 is shifted to the blue relative to its position in the cis-Pro species, since in the latter, all three ammonium N-H oscillators form hydrogen bonds. In the trans-Pro species, however, only two form hydrogen bonds, which shift the NH 3 , which is outside of our experimental observation window.
We should note that although ammonium generally has three N-H stretching vibrations (two antisymmetric and one symmetric), we only observe one of these in our experiment for both the trans-Pro and cis-Pro species. The other two vibrations fall outside our observation region, at 3125 and 3017 cm -1 for conformer A and at 3147 and 3106 cm -1 for conformer B. A strong red shift in the bands associated with the protonated amine is consistent with a number of previous experimental studies [51, 52, 64] .
Comparison of Experimental Cross-Sections and Calculated Lowest-Energy Geometries
In addition to calculating vibrational frequencies, we performed collisional cross-section calculations to further validate the structures proposed above. These yielded cross-section values of 94. , respectively. These calculated values agree with experiment to within 1.1% and 2.5% for the trans-Pro and cis-Pro geometries, which is within the typical error of 3% that is commonly observed when calculating collisional cross-sections [62, 65] .
In combining ion mobility and vibrational spectroscopy for the study of larger molecules, one could use the experimentally determined cross-section as a filter to select which structures generated by force-field calculations should be optimized at the DFT level, greatly reducing the computational demands. These structures would then be validated through comparison of calculated vibrational frequencies with the measured infrared spectra.
Collision-Induced Isomerization Between Conformers
Up to this point, we have shown that cold ion spectroscopy can be used to measure the infrared signatures of molecules first separated with ion mobility. This combination of tools provides both collisional cross-sections as well as internal hydrogenbonding information for the selected species, which in turn leads to structural assignments when combined with theoretical calculations. With the two major conformations of trans-Pro and cis-Pro assigned, we now turn our attention to a second question: BAre either the trans-Pro or cis-Pro conformers kinetically trapped?^If so, it should be possible to introduce energy into the molecules and induce isomerization between the two conformers. It is important to answer this question because kinetically trapped species may retain much of their solution phase conformation and, thus, the IMS-IR technique may provide information on the structure of species in solution.
We select the trans-Pro conformer and employ collisional activation as a means of introducing energy into the molecules. We energize the ions in the Bactivation zone,^shown in Figure 2 , once they have traversed the first half of the drift tube. Figure 5 displays the results of this experiment. As we increase the activation voltage, peak A decreases in intensity while a new peak with the same cross-section as the cis-Pro configuration grows in. We refer to this new feature as peak B′, since we do not yet know whether this new feature directly corresponds to the cis-Pro conformation we have already measured; all we can say is that it has the same cross-section as the cis-Pro species. We observe that peak B′ grows to 50% of the intensity of peak A when activating with 10 V. As we continue to increase the collision energy, peak A progressively becomes smaller while peak B′ grows in. However, once we pass 50 V in Figure 5 . Cross-section distribution of (a) H + GPGG and (b) a selection where peak A has been isolated. Traces (c)-(e) show that population is transferred from peak A to peak B′ upon collisional activation the activation region, the cross-section distribution ceases to change, with most of the population having been transferred from peak A to peak B′. Because further activation has no further effect on the peak intensities and, hence, the conformer populations, it appears that we create a Bquasi-equilibriumd istribution of conformers. Pierson et al. reported similar behavior for bradykinin [M+3H] 3+ when energizing the ions in IMS-IMS experiments [18] .
We can identify the structure that gives rise to peak B′ by using infrared spectroscopy. Figure 6a shows once again the infrared spectrum we obtained when selecting the trans-Pro configuration (conformer A) and 6d shows that for the cis-Pro configuration (conformer B). The infrared spectrum of the trans-Pro species has three prominent bands, and as the activation voltage increases to 20 V, these bands are joined by four others, as shown in Figure 6b . One can see that these four new peaks are identical to those associated with the cis-Pro species. This means that a certain portion of the population that began as trans-Pro has now isomerized to cis-Pro. It is difficult to calculate the exact makeup of the conformer distribution because we do not know the relative absorption cross-sections. However, it is clear that by increasing the activation voltage, we continue to drive the conformer distribution toward the cisPro configuration. When activating with 50 V, the bands associated with trans-Pro have nearly disappeared, while those associated with cis-Pro dominate. If we continue activating beyond 50 V, the relative peak intensities do not appreciably change from those depicted in Figure 6c . This is consistent with the ion mobility data presented in Figure 5 and again suggests that we cannot fully convert the original trans-Pro population to cis-Pro configuration. The only change we observe beyond this point is that the signal-to-noise ratio degrades, likely because the ion transmission decreases as the molecules begin to fragment. We also perform the opposite experiment, selecting cis-Pro molecules and then activating them via collisions. This experiment generates consistent results and confirms that it is possible to interconvert between conformers as discussed in detail in the supplementary material (see Supplementary Figures S3 and S4) .
The Case for Quasi-Equilibrium and Kinetic Trapping from Solution
As demonstrated in the data of Figures 5, 6 and Supplementary  Figures S3, S4 , collisional activation produces the same conformer distribution regardless of the distribution with which we begin. With~50 V of activation, both the ion mobility data and infrared spectrum for the two conformers become nearly indistinguishable. This strongly suggests that this distribution represents a quasi-equilibrium in the gas phase. This distribution consists mostly of the cis-Pro configuration and a much smaller amount of the trans-Pro, implying that the former is more stable. The trans-Pro species readily isomerizes to cis-Pro when it is energized by collisions; however, under the room temperature conditions of our drift tube, it is still energetically accessible and remains a small portion of the annealed distribution. A similar observation has been made for a variety of other peptidic systems [18, 31] and suggests that the relative conformer populations we measure after annealing reflect the Boltzmann weights of these states at a given temperature. The exact temperature to which the relative populations correspond is not obvious; however, it may reflect that of the drift tube (300 K), but it may also reflect a higher temperature, depending on the rate of cooling in the drift tube and the height of the barriers separating the conformers.
A final question to address is that of the origin of the transPro configuration, which has a substantial population if we do not anneal the gas-phase conformer distribution. It is clear that the majority of the population cannot originate in the gas phase and, thus, there remain only two alternatives: it either reflects the population of this conformer in solution, which survives the electrospray process, or the conditions in the electrospray droplets. A possible way to address this question would be to change the solution conditions, for example by changing the solvent or concentration of the solute and measuring the cis-Pro to trans-Pro ratio in the ion mobility spectra [19, 66] .
Another way to determine the origin of the trans-Pro conformation is to compare our results to solution-phase studies. The GPGG molecule has been studied in solution using NMR spectroscopy, and the trans-Pro species was found to be more stable in D 2 O by 4.5 kJ mol -1 [33] . This is consistent with the nonactivated ion mobility drift distribution we measure, where the trans-Pro species is clearly more abundant. This implies that the ion mobility drift distribution samples states that The relative stabilities switch in the gas phase; however, as demonstrated by both our calculations and experiments, this may indicate that the trans-Pro conformation is preferentially stabilized by interactions with polar solvents. This would explain why in the absence of solvent it is so easy to induce cis-to-trans isomerization. This could perhaps be further explored by performing calculations with solvent or by running NMR experiments at low pH to favor formation of the protonated species. In this way, one could measure the cis/trans populations for the protonated species in solution directly and compare the results with our experiment.
Conclusions
In this paper, we have presented first results from a new instrument that combines ion mobility, cold ion spectroscopy, and mass spectrometry. As an initial test, we reproduced the two-feature ion mobility distribution of the small peptide H + GPGG reported in an earlier study [32] and analyzed both features with infrared spectroscopy. The vibrational spectra and collisional cross-sections were compared with those obtained in our theoretical analysis. We found that the two features isolated with ion mobility arise from two well-defined classes of conformers originating from cis-trans isomerization about the proline residue. We then isolated each of the conformers (referred to as trans-Pro and cis-Pro configurations) with ion mobility, used collisional activation to induce isomerization, and monitored the conformer distribution with infrared spectroscopy. We observed interconversion between the two conformers when selecting either the trans-Pro or cis-Pro species; however, the cis-Pro configuration seems to be favored from a thermodynamic point of view. Interestingly, after subjecting either conformer to >50 V activation, the conformer distribution strongly favors cis-Pro and approaches a steady state in which increasing the activation energy further does not appreciably change the relative ratio of the two species. The evolution of the original ion distribution to this gas-phase quasiequilibrium implies that this technique may allow us to sample states that come directly from solution.
This multidimensional approach to molecular structural characterization provides several benefits over using either one of the techniques alone. From a spectroscopic point of view, the addition of ion mobility provides a conformational filter that can simplify the vibrational spectra. In addition, it provides experimentally determined collisional cross-sections, which can be used to narrow the conformer search space in calculating structures. From an ion mobility standpoint, spectroscopy allows one to recover the vibrational signatures of isolated species, thus providing information that can lead to structural determination. Taken together, this approach could be used to identify kinetically trapped species, which may originate in solution, and to structurally characterize these species. As such, it may provide an additional probe of condensed phase molecules.
